Forkhead box A1 regulates prostate ductal morphogenesis and promotes epithelial cell maturation
Introduction
Gene inactivation studies in the mouse, combined with organ culture and tissue recombination, have highlighted the essential roles of androgenic signaling and epithelial-stromal interactions in directing prostate development. Key inductive and permissive factors must coordinately regulate early prostate morphogenesis and cell differentiation, but the regulatory mechanism by which various cellular signals synergize to induce the invariant prostate ductal pattern and promote gland maturation is still not fully understood Abate-Shen and Shen, 2000) .
Normal growth and differentiation of prostate epithelium is controlled through androgen-regulated paracrine signaling from the mesenchyme , as the stromally located androgen receptor (AR) is essential for prostate epithelial differentiation (Donjacour and Cunha, 1993) . In the absence of either androgens or stromal AR, the prostate does not develop (Bardin et al., 1973; . Conversely, reciprocal paracrine signals from the epithelium also patterns stromal cell differentiation .
Emerging evidence suggests that epithelial-mesenchymal interactions during prostate organogenesis involves several conserved families of molecules, including sonic hedgehog (Shh) (Podlasek et al., 1999; Lamm et al., 2002; Wang et al., 2003; Freestone et al., 2003; Berman et al., 2004) , bone morphogenetic protein (Bmp) (Lamm et al., 2001) , Fibroblast growth factors (Fgfs) (Thomson and Cunha, 1999; Donjacour et al., 2003) , the Notch-Delta membrane molecule Shou et al., 2001) , and the Nkx3.1 homeobox protein (Bhatia-Gaur et al., 1999; Schneider et al., 2000; Tanaka et al., 2000) .
Early prostate ductal budding and morphogenesis is accompanied by a transient elevation of multiple inductive pathway components (e.g. Shh, Bmp4, Fgf7, Fgf10 and Notch1) , whose activities are dramatically downregulated at the conclusion of ductal morphogenesis (Podlasek et al., 1999; Lamm et al., 2001 ; Thomson et al., 1997; Thomson and Cunha, 1999; Wang et al., 2004) . Among these factors, Shh is an epithelium-secreted ligand that plays a crucial role in prostate morphogenesis. Conflicting reports on Shh-elicited biologic
We have previously shown that a forkhead transcription factor Foxa1 interacts with androgen signaling and controls prostate differentiated response. Here, we show the mouse Foxa1 expression marks the entire embryonic urogenital sinus epithelium (UGE), contrasting with Shh and Foxa2, which are restricted to the basally located cells during prostate budding. The Foxa1-deficient mouse prostate shows a severely altered ductal pattern that resembles primitive epithelial cords surrounded by thick stromal layers. Characterization of these mutant cells indicates a population of basal-like cells similar to those found in the embryonic UGE, whereas no differentiated or mature luminal epithelial cells are found in Foxa1-deficient epithelium. These phenotypic changes are accompanied with molecular aberrations, including focal epithelial activation of Shh and elevated Foxa2 and Notch1 in the null epithelium. Perturbed epithelial-stromal interactions induced by Foxa1-deficient epithelium is evident, as demonstrated by the expansion of surrounding smooth muscle and elevated levels of stromal factors (Bmp4, Fgf7, Fgf10 and Gli). The prostatic homeobox protein Nkx3.1, a known proliferation inhibitor, was downregulated in Foxa1-deficient epithelial cells, while several prostatespecific androgen-regulated markers, including a novel Foxa1 target, are absent in the null prostate. These data indicate that Foxa1 plays a pivotal role in controlling prostate morphogenesis and cell differentiation.
effects on the growth of the prostate ducts highlights the complex nature of this pathway. The differences between these studies could reflect a stage-dependent cellular response (Podlasek et al., 1999; Lamm et al., 2002; Freestone et al., 2003; Wang et al., 2003) . In contrast to transient inductive signals, normal ductal growth also requires the sustained presence of negative modulators. For example, homeobox protein Nkx3.1-null mice show impaired prostate ductal growth and progressive epithelial hyperplasia (Bhatia-Gaur et al., 1999) .
Previous biochemical analysis identified forkhead box a1 (Foxa1) as a key transcriptional component that interacts with AR on multiple prostatic enhancers and controls androgeninduced activation of both human and rodent prostate-specific genes . As forkhead transcription factors widely participate in the development of various organs (Carlsson and Mahlapuu, 2002) , it was reasonable to expect that Foxa proteins may play an important role in prostate development, e.g. the specification/maturation of the prostate epithelial cell. Regulation of gut differentiation by Foxa homologues is a feature conserved in metazoa (Weigel and Jackle, 1990; Gaudet and Mango, 2002; Kalb et al., 1998; Horner et al., 1998) and in vertebrates, all three Foxa proteins (Foxa1, Foxa2 and Foxa3) are involved in the epithelial gut tube formation (Zaret, 1999; Zaret, 2002) . The mouse prostate epithelium is derived from the hindgut endoderm and expresses Foxa1 throughout prostate development and maturation (Peterson et al., 1997; Kopachik et al., 1998; Gao et al., 2003) , whereas it expresses Foxa2 only during prostate budding (Mirosevich et al., 2005) . This suggests a potential role for these forkhead proteins in prostate development. Furthermore, the induction of multiple mammalian forkhead genes is dependent on the hedgehog signal in various tissues during embryogenesis (Chiang et al., 1996; Yamagishi et al., 2003; Furumoto et al., 1999; Mahlapuu et al., 2001 ). Thus, a better view of the precise distribution and regulation between these molecules in the embryonic urogenital sinus (UGS) is relevant to understanding the normal developmental process of the prostate. Here, we report the phenotypic and biochemical characterization of Foxa1-deficient mouse prostate using organ rescue and tissue recombination experiments. Our data demonstrate that epithelial Foxa1 plays an early role in prostate ductal morphogenesis, supporting a regulatory function that is essential for modulating inductive signals to control prostate cell growth and differentiation.
Materials and methods

Foxa1
-/-mice, renal capsule rescue, and tissue recombination Foxa1 -/-mice on a C57/BL6 strain background were used (Shih et al., 1999) . Entire prostatic rudiments from 64 male mice at P1 were grafted into renal capsules of adult male nude mice. PCR genotyping was performed and the distribution of Foxa1
+/-and Foxa1 -/-was 18, 33 and 13, respectively. Rescued organs were recovered from host mice at 2-15 weeks. Genotypes were re-confirmed on grafts by PCR or β-galactosidase staining. E18 rat UGM was prepared for tissue recombination 
In situ hybridization and RT-PCR
In situ hybridization for Foxa1 and Foxa2 was performed using digoxigenin-labeled gene-specific probes (Braissant and Wahli, 1998) . For RT-PCR, total RNA was extracted with Qiagen TM RNeasy extraction kit (Qiagen, Valencia) . cDNAs were synthesized with 1.5 µg of total RNA by Superscript-II TM reverse transcriptase (Invitrogen). PCR was performed using primer sets (see Table S1 in the supplementary material) to produce gene-specific fragments with optimal numbers of reaction cycle. Semi-quantitative analysis was performed by comparing the intensity of PCR product with normalization to an internal standard gene Gapdh.
β-Galactosidase staining Fresh tissues were prefixed for 6 hours in 2% paraformaldehyde, 0.2% glutaraldehyde in PBS at 4°C, embedded in OCT. Frozen sections were immersed in the same solution for 10 minutes at 4°C, rinsed in water, and stained for β-galactosidase at 37°C for 1-6 hours.
Immunohistochemistry and immunofluorescence
Tissue preparation and staining procedures were as described (Mirosevich et al., 2005) . Primary antibodies, at indicated dilutions, were AR (rabbit, 1:1000; Santa Cruz), Ck5 (rabbit, 1:500; Covance Research Products), Foxa2 (goat, 1:1000; Santa Cruz), Nkx3.1 (rabbit, 1:3000) (Kim et al., 2002) , SMA (mouse, 1:1500; Sigma), γ-actin (mouse, B4, 1:10,000) (Lessard, 1988) , Ck14 (mouse, 1:10), Ck8 (mouse, 1:10) (Wang et al., 2001) , β-catenin (mouse, 1:200; BD Transduction Laboratories), p63 (rabbit, 1:200; Santa Cruz), Shh (rabbit, 1:200; Santa Cruz) (Thayer et al., 2003; Niemann et al., 2003; Krebs et al., 2003; Jaskoll et al., 2004) and Ptch1 (goat, 1:200; Santa Cruz) (Canamasas et al., 2003; Niemann et al., 2003; Di Marcotullio et al., 2004; Jaskoll et al., 2004; Sheng et al., 2004) . Fluorescenceconjugated secondary antibodies (A11055, A21203, A21206, A21207) were purchased from Molecular Probes and diluted 1:200. DAPI staining was performed using Vectashield Mounting Medium (Vector, H-1200).
Electron microscopy
Tissues were fixed in 2% glutaraldehyde in 0.1M cacodylate buffer at 4°C overnight, dehydrated in alcohol and polymerized. Sections (70 nm) were cut and ultrastructural analysis was performed on Phillips CM-12 Transmission Electron Microscope equipped with AMT digital camera system. Matrix assisted laser desorption ionization time-of-flight mass spectrometry MALDI-TOF MS analysis was performed using a modified protocol (Chaurand et al., 2004) . Using a cryostat, 10 µm prostate tissue sections were cut and mounted onto a conductive glass MALDI plate. Three or four sections were obtained per specimen and were stained with MALDI-compatible Cresyl Violet (Chaurand et al., 2004) to identify regions for profiling, Target areas were then spotted with 150 nl of saturated sinapinic acid as matrix prepared in acetonitrile/H 2 O/TFA (50/50/0.1) by volume and allowed to dry. Each section was then analyzed by MALDI-TOF MS in the linear mode using an Applied Biosystems Voyager DE-STR mass spectrometer (Framingham, MA). Acquired spectra were baseline subtracted and normalized. Spectra from each prostate sample were then averaged before comparison. Forkhead regulates prostate development multilayered urogenital sinus epithelium (UGE) and a surrounding undifferentiated mesenchyme. Prostatic morphogenesis is initiated at mouse embryonic day 17-18 (E17-18), with the epithelium budding into the urogenital sinus mesenchyme (UGM) . Foxa1 expression was detected in E18 UGS (Fig. 1A) , with positive immunoreactivity observed in all UGE cells, including the peripheral basally located cells that were positive for basal cytokeratin 14 (Ck14) (Fig. 1B,C) . Ck14-positive and Ck14-negative epithelial cells express Foxa1 at similar levels (Fig.  1C) . Prostate sections from a 6-week-old mouse showed strong nuclear Foxa1 staining in the epithelium (Fig. 1D) , indicating that Foxa1 expression was maintained in the adult epithelium.
By contrast, UGS Foxa2 immunoreactivity in E18 was highest in the basally located cells immediately adjacent to the surrounding UGM (Fig. 1E ). Epithelial cells localized proximal to the UGS lumen (asterisk) were either unstained or weakly stained for Foxa2. Dual staining revealed that Shh was co-expressed with Foxa2 (Fig. 1F ,G) in these basally located cells, which give rise to the nascent prostatic buds. This is consistent with the ability of Shh to induce Foxa2 expression (Sasaki et al., 1997) .
Dual-staining for Shh and patched 1 (Ptch1), the transmembrane receptor for Shh, showed that Shh was continuously expressed in the E21 UGE with strongest level observed in the peripheral basally located cells and in the nascent prostatic epithelial buds (arrowhead in Fig. 1I ), and Ptch1 was co-expressed in these cells (Fig. 1H,J) , consistent with a reported detection of epithelial Ptch1 in neonatal prostate ductal tips (Pu et al., 2004) . In addition to the UGE compartment, Ptch1 was also detected in a population of mesenchymal cells close, but not immediately adjacent to, the Shh-producing UGE (arrow in Fig. 1H ). Approximately tencell layers separate these stromal Ptch1-expressing cells and the epithelial cell source of Shh. This distance is within an effective range of hedgehog signaling (Ingham and McMahon, 2001) . Serial sections revealed that these Ptch1-positive stromal cells expressed smooth muscle α-actin (SMA) (arrow in Fig. 1K ), a mesenchymal target of Shh (Weaver et al., 2003) . Detection of Ptch1 in both UGE and UGM suggested that Shh may act in both a juxtacrine and a paracrine fashion. Interestingly, a scattered Shh staining was detected in adjacent UGM surrounding the Shh-producing UGE. As this anti-Shh antibody is raised against the N-terminal epitope (amino acids 41-200) of Shh and is able to detect both the membrane-bound and the secreted Shh-N peptide; the scattered staining is most probably due to immunoreactivity with the diffused Shh-N peptides. This has not been reported previously in UGS (Freestone et al., 2003; Berman et al., 2004) .
Expression of AR was detected in all cells of E21 UGS, including the basally located epithelium (Fig. 1L) . However, the staining was stronger in UGM when compared with UGE. Staining for p63, a basal cell nuclear protein highlighted the peripheral basal-like cell population (Fig. 1O ). Although both p63 and Ck14 are specific for basal cells, p63 has been reported to be expressed in almost all basal cells, whereas Ck14 is only expressed in a subpopulation (Signoretti et al., 2000; Hudson et al., 2001) . In E21 UGS, some UGE co-expressed the basal cell marker p63 and the luminal keratin Ck8 (Fig. 1M ), indicating their immature/undifferentiated status (Wang et al., 2001) .
Staining was also performed to localize β-catenin, a downstream effector of the Wnt pathway, which can promote endodermal genes including Foxa1 and Foxa2 (Sinner et al., 2004) . β-Catenin was specifically localized to the membrane of both UGE and the surrounding UGM cells (Fig. 1N) , with the strongest expression seen in p63-expressing basally located cells ( Fig. 1O-P) .
In contrast to Foxa1, which continued to be expressed in the postnatal developing prostate (Fig. 1Q ) and adult glands ( Fig.  1S ), Foxa2 mRNA was strongly but transiently expressed only during ductal morphogenesis (Fig. 1R) , and its expression decreased to undetectable levels in mature glands (Fig. 1T) . Thus, the downregulation of Foxa2 during postnatal prostate development was confirmed by in situ hybridization.
Foxa1 regulates normal prostate ductal morphogenesis
Foxa1 mutant mice were generated using a targeting vector which deletes the Foxa1 DNA-binding domain and creates an in-frame fusion with the Escherichia coli lacZ gene (Shih et al., 1999) . Foxal -/-mice die neonatally, thus we used two distinct strategies, renal capsule organ rescue (Wang et al., 2000) and tissue recombination , to assess the impact of Foxa1-deficiency on prostate development.
Prostate rudiments (asterisks in Fig. 2A ) and adjacent seminal vesicles were dissected from postnatal day 1 (P1) Foxa1 pups. Foxa1 -/-male mice of P1 contained prostate rudiments (n=13) that were histologically identical to wild type, indicating a normal prostatic induction at this stage.
Entire prostate rudiments (n=64) were rescued by renal capsule grafting into intact male athymic nude mice. Grafted prostates were recovered at various intervals between 2 and 15 weeks. Rescued prostates and seminal vesicles were compared after fine dissections. Foxa1 -/-prostate tissues (asterisk in Fig. 2D ) were consistently smaller and solid, whereas controls were enlarged and contained secretions (Fig. 2B,C) . As the transgene lacZ was driven by Foxa1 promoter in the mutant allele, β-galactosidase staining revealed lacZ expression in rescued Foxa1 +/- (Fig. 2F) and Foxa1 -/-prostate epithelium that showed a pronounced epithelial cell disorganization (Fig.  2G) .
Histological analysis of rescued prostates (between 2 and 15 weeks) showed that Foxa1 -/-prostate developed many solid epithelial cell cords with cribriform patterns, and no normalappearing lumen was observed ( Fig. 2J ,P,R; see Fig. S1A ,C in the supplementary material). In 4-week-old renal-rescued wild-type control prostates (Fig. 2K ,M,O; see Fig. S1B ,F in the supplementary material), a normal lumen lined with monolayer of luminal epithelial cells was observed, reflecting normal prostate development, as previously reported (Kurita et al., 2004; Berman et al., 2004) . Although in the rescue experiments it is difficult to precisely define each lobe, based upon careful microdissection (with attention on the anatomic location referring to adjacent seminal vesicles) and determination of gross morphology, we compared rescued tissues as closely as possible on a lobe basis. Identical Foxa1-deficient phenotype was consistently observed in distinct prostate lobes dissected from all Foxa1 -/-prostates examined (n=13), suggesting that Foxa1 regulates prostate epithelial ductal pattern regardless of lobe identity. Tentatively identified lobes are listed as ventral prostates (VPs) in Fig. 2 , and dorsolateral prostates (DLPs) in Fig. S1 in the supplementary material.
AR staining did not suggest a protein level change in Foxa1-deficient prostate epithelial cells (Fig. 2L-O) . The same results were obtained when distinct lobes were dissected (see Fig.  S1A -H in the supplementary material). Notably, when extending the rescue period up to 12-15 weeks, Foxa1 -/-prostates continued to demonstrate the growth of epithelial cords with no obvious ductal canalization or luminal formation (see Fig. S1C ,G in the supplementary material). To confirm this alteration in epithelial ductal patterning and to rule out the possibility of histological artifacts during section preparation, 1 µm frozen sections from 12-week-old rescued prostates were stained with Toluidine Blue to define the prostate ductal structure. As shown in Fig. 2P, Foxa1 -/-prostate contained 'balls' of disorganized epithelial cells with impaired luminal structure (arrowhead), while the wild-type prostate showed highly organized luminal cells with a normal lumen (arrowhead in Fig. 2Q ). Staining for E-cadherin, an adhesion molecule expressed specifically on epithelial cell membrane, demonstrated a total loss of cell polarity in Foxa1-deficient epithelial cells (Fig. 2R and inset) . By contrast, wild-type luminal epithelial cells lined the lumen in a highly organized pattern (arrowhead in Fig. 2S ), as indicated by focused Ecadherin staining at epithelial cell conjunctions (inset).
Using normal embryonic inductive UGM, we performed tissue recombination experiments with Foxa1 -/-epithelium to determine if normal ductal patterning would be obtained.
Neonatal Foxa1
+/+ or Foxa1 -/-mouse bladder epithelium were recombined with wild-type E18 rat (r) UGM. Fig. 2H shows Forkhead regulates prostate development 12-week-old grafted recombinants that were derived from wild-type (left) and Foxa1-deficient epithelium. The size and the wet weight (Fig. 2I ) of null recombinants (n=15) were significantly smaller than control recombinants (n=15), even though the same number of wt rUGM cells were used (P<0.01). Histological analysis indicated that the embryonic rat UGM cells instructively elicited normal-appearing prostate glandular structure from wild-type bladder epithelium (Fig. 2U) as previously documented ; however, the same UGM cells failed to induce normal prostate architecture from Foxa1 -/-epithelium (Fig. 2T) , indicating a pivotal role for Foxa1 in determining the epithelial cell responsiveness to inductive mesenchymal signals.
Importantly, we detected a haploid insufficient phenotype in the dorsal prostates of intact Foxa1 +/-mice (see Fig. S2 in the supplementary material). Although this phenotype was mild, the similar histological alteration indicated that the rescue and recombination experiments reflected the natural consequences of the loss of Foxa1.
Foxa1-deficient prostate shows an altered epithelial cell population and a modified stromal pattern To define this phenotype, cell populations were examined from both rescue and recombinant prostates. In the normal mouse prostate, mature epithelium contains only a small proportion of basal cells (around 10%), whereas the luminal cells comprise the remaining epithelial cell type. Basal keratin Ck5 staining demonstrated a clear expansion of basal-like cells in Foxa1 -/-prostates (4-week-old rescued prostate in Fig. 3A ). Remarkably, in some Foxa1 -/-epithelial ducts, these basal keratin-expressing cells became the predominant cell type, and their location was extended into the epithelial cords (Fig. 3B) . Such a distribution of basal cells was not observed in any rescued wild-type prostates, rather basal cells are localized as a discontinuous layer between the luminal cells and the basement membrane (Fig. 3C) . Basal keratin staining on tissue recombinants derived from wild-type and Foxa1 -/-epithelium showed a similar expansion of basal-like cells in null recombinants (see Fig. S3A in the supplementary material). Both the enrichment and the perturbed distribution of these basal keratin-expressing cells were reminiscent of a developmentally arrested prostate, similar to the basally located cells seen in the UGE prior to epithelial cell differentiation. Dual staining for p63 (a basal cell nuclear protein) and Ck8 (a luminal keratin) was used to further define the differentiation status of these Foxa1 -/-cells. In mature prostate epithelium, these two markers segregate into distinct basal and luminal cell populations as solid epithelial cords differentiate (Wang et al., 2001; Hayward et al., 1996) . Indeed this was recapitulated in rescued wild-type prostate where the expression of p63 (green) and Ck8 (red) was detected in segregated basal and luminal epithelial cells (Fig. 3E,G) . By contrast, some Foxa1-deficient epithelial cells co-expressed p63 and Ck8 (Fig. 3D,F) , strongly indicating that the null epithelium was arrested immaturely, as co-expression of p63 and Ck8 has only been observed transiently in normal embryonic UGE (Fig. 1M ) or in early developing epithelium (Wang et al., 2001 ). In addition, dual staining for Ck14 and AR supported the observation that there was an increased number of Ck14-positive basal-like cells in Foxa1-deficient epithelial cords of different lobes (see Fig. S3C -H in the supplementary material).
Given that the loss of Foxa1 led to a failure of the prostate epithelium to mature, it seems likely that stromal patterning, which itself is dependent upon epithelial differentiation , could also be abnormal. Staining for SMA revealed an expansion in smooth muscle layer that immediately surrounds the Foxa1 -/-epithelial cords (Fig. 3H,I ), suggesting mesenchymal hypercellularity. In the age-matched 4-week rescued wild-type prostate, only a thin layer of smooth muscle surrounded the ducts (Fig. 3J) . Surprisingly, SMA staining on tissue recombinants revealed a more pronounced expansion of smooth muscle cells in recombinants that were derived Development 132 (15) Research article from Foxa1 -/-epithelium plus wild-type rUGM (see Fig. S3I  in the supplementary material) . The expression of smooth muscle γ-actin, a late marker for smooth muscle differentiation (Qian et al., 1996) , was detected equally in wild-type and null recombinants (see Fig. S3K in the supplementary material), suggesting that although perturbed paracrine signaling from Foxa1 -/-epithelium modified stromal pattern, smooth muscle cell differentiation was complete.
Foxa1
-/-prostate is immature and devoid of secretory luminal cell Semi-quantitative RT-PCR was performed on rescued prostates to examine the expression of several key inductive signaling molecules that correlate with early prostate morphogenesis (Podlasek et al., 1999; Thomson et al., 1997; Thomson and Cunha, 1999; Lamm et al., 2001; Wang et al., 2004) (Fig. 4) . Gene expression profiles were compared after normalization to an internal standard gene Gapdh. Elevated mRNA levels of Shh, Gli2, Fgf7, Fgf10, Bmp4, β-catenin and Notch1 were detected in 4-week-old rescued Foxa1 -/-prostates compared with controls. The continued presence of these molecules in the null prostate indicated that Foxa1 may be required for the maturation of the prostate. Interestingly, the expression of two other Gli proteins was either slightly increased (Gli1) or equally expressed (Gli3) in control and null tissues. However, the expression of Ihh, Bmp7 and Nkx3.1 were undetectable or decreased in the null. As the expression of Shh (Fig. 1F,I ) and Notch1 are associated with basally located epithelial cells in early developing prostate, elevation in both proteins supported an increased basal-like cell population in Foxa1 -/-prostate. Androgen stimulation induces the differentiation of immature prostate epithelium into luminal cells that produce prostate-specific secretory proteins (Kasper and Matusik, 2000) . Transmission electron microscopy (EM) provides an unbiased way to determine secretory features of prostate epithelial cells at an ultrastructural level. EM analysis, on 12-week-old rescued wild-type prostate, showed tall columnar luminal epithelium (Fig. 5A) , with enlarged Golgi complexes, and numerous dense secretory materials, the 'prostasomes' (Sahlen et al., 2002) , within apical vesicles or at luminal surfaces (Fig. 5C ). These ultrastructural features demonstrating secretory activities were completely absent in rescued Foxa1 -/-epithelium (Fig. 5B,D) . Imaging mass spectrometry (IMS), which employs MALDI-TOF analysis of hundreds of 50 µm spots (approximately a five cell width) on frozen tissue sections to obtain a representative profile of low molecular weight proteins, has been used for profiling mouse prostate secretory proteins (Chaurand et al., 2001; Chaurand et al., 2004 (Fig. 5E ). Similar profiles were obtained from 12-week-old rescued prostates (data not shown).
RT-PCR was performed to validate the results obtained from IMS. Pbsn mRNA was completely undetectable in Foxa1-deficient prostates, while Sbp was dramatically decreased when compared with controls (Fig. 5F ). Loss of Pbsn in Foxa1 -/-prostates strongly supported our previous study that two forkhead response elements were essential for androgen-induced Pbsn expression . Interestingly, Sbp gene was identified in this study as a novel Foxa1 target. Examination of Sbp promoter revealed an organization of forkhead and androgen response elements that are similar to those seen in other androgen-regulated prostatic enhancers (see Fig. S4 in the supplementary material) . Whether these Foxa1-binding sites within the Sbp promoter are transcriptionally functional requires further investigation; however, the absence of secretory features and prostate differentiation markers in
-/-prostates do indicate a disruption in luminal epithelial cell maturation.
Perturbed epithelial-stromal interactions alter the null prostate ductal pattern
As phenotypic and molecular analysis on Foxa1 -/-prostates indicated a perturbed epithelial-mesenchymal interaction, we examined potential pathways involving in signaling. Given that Shh regulates prostate ductal morphogenesis and deregulated hedgehog activity has been implicated in prostate diseases (Fan et al., 2004; Karhadkar et al., 2004; Sanchez et al., 2004) , we examined Shh expression in rescued tissues. Strong and focused Shh expression was detected in rescued Foxa1 -/-epithelial cell cords (Fig. 6A) and Shh-positive ductal epithelial buds were evident (Fig. 6B) . As Ihh is absent the null prostate (Fig. 4) , the pattern of Shh staining seen in Foxa1 -/-prostate cannot be due to the antibody crossreactivity with Ihh. The same Shh-producing epithelium was positive for Ptch1 (Fig.  6C) . However, no focused staining for Shh or Ptch1 was detected in rescued wild-type prostates (see Fig. S5A -C in the supplementary material and data not shown). By comparing the serial sections stained with SMA ( Fig. 3H) , we noted that Shhexpressing null epithelium (arrows in Fig. 6B ) were surrounded by thick smooth muscle layers (see Fig. S5D ,E in the supplementary material), in agreement with the finding that SMA is a mesenchymal target of Shh (Weaver et al., 2003) . This suggests that the deregulated focal Shh activation in Foxa1-deficient epithelium may contribute to the altered epithelial-stromal interaction.
β-Catenin nuclear activation has been implicated in abnormal prostate epithelial cell growth (Bierie et al., 2003; Cheshire and Isaacs, 2003) and we observed an increase of β-catenin mRNA level in Foxa1 -/-prostates (Fig. 4) . However, we did not detect an increased nuclear level of β-catenin (red) in the p63-expressing basal-like cells (green) in Foxa1 -/-epithelium (Fig. 6D) . Instead, the signals are primarily localized to the cell membrane in both Foxa1 +/+ and Foxa1 -/-epithelium ( Fig. 6D,E) . Nevertheless, the staining demonstrated a disrupted null epithelial cell polarity (Fig. 6D ).
Development 132 (15) Research article +/+ epithelium (L). Forkhead regulates prostate development Nkx3.1 has been reported as the earliest known prostatespecific marker, and Nkx3.1-deficient mice show progressive epithelial cell hyperplasia (Bhatia-Gaur et al., 1999) . RT-PCR showed a downregulation of Nkx3.1 mRNA in Foxa1 -/-prostates (Fig. 4) . Interestingly, Foxa1 -/-epithelial buds that expressed Shh at a high level (Fig. 6B) showed weak or no nuclear staining for Nkx3.1 (Fig. 6F,H) , while strong positive nuclear immunoreactivity was seen in rescued wild-type luminal epithelium (Fig. 6G,I ).
Foxa2 is a target of Shh in the neural tube (Chiang et al., 1996; Hynes et al., 1997) and pharyngeal endoderm (Yamagishi et al., 2003) ; we have shown that Foxa2 expression overlaps with Shh in embryonic UGE (Fig. 1E-G) , whereas Foxa2 is only transiently detected during prostate budding (Fig.  1R) . Nuclear Foxa2 expression was retained in Foxa1 -/-epithelium ( Fig. 6J ) even in prostates rescued for 15 weeks (see Fig. S5F in the supplementary material) . These Foxa2-expressing cells tend to form tiny buds at ductal tips, suggesting that Foxa2 may closely correlate with epithelial cell growth and budding, a role consistent with its expression pattern during prostate budding (Fig. 1E) . A similar correlation between elevated Foxa2 in Foxa1-null lung epithelium has been reported (Wan et al., 2005) . Upon comparison of serial sections, nuclear Foxa2 staining was seen in Shh-expressing Foxa1 -/-cells (Fig. 6K) . Consistent with previous studies (Kopachik et al., 1998; Mirosevich et al., 2005) , no detectable Foxa2 was seen in rescued Foxa1 +/+ prostates (Fig. 6L) . Furthermore, this deregulated Foxa2 expression was confirmed in tissue recombinants derived from Foxa1 -/-epithelium plus wild-type rUGM (see Fig. S5G in the supplementary material) .
Discussion
In vertebrates, the endoderm gives rise to the epithelial lining of the respiratory and gastrointestinal tract, as well as to the lung, liver, thyroid, pancreas and hindgut derivatives, including the bladder and prostate (Wells and Melton, 1999; . In addition to common pathways that control endodermal development, the prostate has its own specific regulatory features, such as the androgenic signaling and the prostate-specific transcription factor Nkx3.1 (Abate-Shen and Shen, 2000). Cooperation of tissue-specific molecules with common transcription factors must be essential for the normal prostate ductal pattern and cell fate determination. In vitro studies revealed that an endoderm lineage regulator, Foxa1, modulates androgen-regulated differentiated response in cultured prostate epithelial cells . In this study, we reported a novel prostate phenotype resulting from Foxa1-deficiency, which is distinct from previously studied mutants with inactivated genes in AR (Tfm), Nkx3.1 or Shh. In addition to regulating prostate epithelial cell differentiation, Foxa1 also plays an early role in prostate ductal patterning.
The finding that Foxa1 participates in ductal morphogenesis is consistent with its early expression in embryonic UGE, during prostate budding, and ductal initiation. Although both Foxa1 and its closely related family member, Foxa2, are expressed in the early developing prostate epithelial buds, the distribution of Foxa2 is restricted to the basally located cell population, while Foxa1 is broadly expressed in almost all epithelium. Temporally, Foxa2 expression is downregulated to barely detectable levels shortly after birth, while Foxa1 is continuously expressed from early development to the maturation of the gland. This pattern is different from that observed in several other endodermal organs (e.g. lung and liver) where Foxa1 and Foxa2 co-express during adulthood (Zaret, 1999) . In the prostate epithelium, the distinct spatial and temporal distribution of Foxa1 and Foxa2 suggest that these two transcription factors play different roles in prostate development. In Foxa1-deficient prostate epithelium, we observed sustained Foxa2 expression; however, continued Foxa2 expression does not rescue the Foxa1-deficient phenotype by compensating the loss of Foxa1, strongly arguing that the functions of these two proteins are divergent in the prostate. This result in the mouse prostate is different from the observation made in lung morphogenesis where Foxa1 and Foxa2 are functionally redundant (Wan et al., 2005) . It is important to note that Foxa1 and Foxa2 are co-expressed in lung endoderm throughout adulthood, whereas only Foxa1 is expressed in the mature prostate epithelium.
The presence of primitive prostate structures in Foxa1-deficient mice indicates that this protein is not absolutely required for prostatic induction and the initial budding processes. The same observation has been made in Shh mutant mice whose prostatic buds can be induced upon renal capsule grafting or in vitro culture . However, different from Shh mutant prostates, whose ductal pattern is only minimally affected , the buds that are formed in Foxa1-deficient prostate do not follow the normal pattern of development and differentiation. Instead, structurally aberrant epithelial ducts demonstrate a hyperproliferative feature reminiscent of solid primitive epithelial cords that are surrounded by thick stromal layer. The abnormal ductal phenotype of Foxa1-deficient prostate is accompanied by a series of molecular aberrations, including maintained elevation in a number of early signaling molecules, most of which are involved in epithelial-mesenchymal interactions that induce and promote ductal morphogenesis. As Foxa1 is exclusively expressed in the epithelium, the altered expression of several stromal factors is probably due to a secondary effect caused by a perturbed epithelium-to-mesenchyme signaling induced by the Foxa1-null epithelium. Thus, persistent detection of early signaling molecules reflects a developmentally arrested feature of these Foxa1-deficient prostates.
We confirmed that the activation of Shh correlated with multiple reported targets (Ptch1, Gli, Foxa2 and Sma) in Foxa1-deficient prostate, where pathological features indicated cellular hyperproliferation in both epithelial and stromal cells. Taken together, our data suggest a correlation between Shh activity and the hyperproliferative features of the null prostate. Deregulated hedgehog pathway signaling has been identified in proliferative diseases such as prostate cancer (Fan et al., 2004; Karhadkar et al., 2004; Sanchez et al., 2004) . It is conceivable that in Foxa1-deficient prostate, the deregulated hedgehog activity may be one of the causal factors that contribute to the abnormal ductal pattern. Our results agree with the fact that Shh is capable of inducing the growth of both epithelial and mesenchymal cells (Bellusci et al., 1997) , and exert mitogenic effects on the development of various tissues (Lamm et al., 2002; Yu et al., 2002; Jaskoll et al., 2004; Thibert et al., 2003) . Collectively, our data demonstrate that, in addition to a paracrine mechanism, Shh signaling may also act within the prostatic epithelium in a juxtacrine (or autocrine)
manner. This provides an explanation for the hyperproliferation seen in Foxa1 -/-epithelium. A similar model for Shh has been proposed in the mouse embryonic salivary gland epithelium (Jaskoll et al., 2004) .
In prostate organ culture experiments, exogenous Shh treatment induced mesenchymal expansion in cultured postnatal rat ventral prostates (Freestone et al., 2003) . This is consistent with our observation that the stromal layer is expanded in Foxa1-deficient prostates. However, abrogating hedgehog signaling by adding a chemical blocker, cyclopamine, induced an aberrant epithelial ductal pattern that resembles the Foxa1-mutant ductal structure (Freestone et al., 2003) . One explanation is that these two studies used different experimental systems: Freestone et al. analyzed the effects of cyclopamine on the initial development of in vitro cultured prostate (P7) within a short period of time (Freestone et al., 2003) , while renal-capsule rescue of Foxa1 -/-prostate enabled us to determine the null prostate phenotype at various time points up to 15 weeks of age. We observed progressive growth of solid epithelial cords in the Foxa1 null with evident epithelial Shh expression, supporting a positive regulatory role of Shh on the ductal growth (Podlasek et al., 1999; Lamm et al., 2002) . Alternatively, as already discussed , a global treatment of in vitro cultured prostate rudiments with chemical reagents may not precisely reflect the in vivo effects of spatially distributed signaling molecules.
We observed an overlapped expression of Shh and Foxa2 in the basally located epithelial cell population within the embryonic UGS. The Foxa2 promoter contains a Shhresponsive element (Sasaki et al., 1997) , and Shh secreted from (Chiang et al., 1996; Hynes et al., 1997; Echelard et al., 1993; Sasaki et al., 1997) . Detection of both Shh and Foxa2 in Foxa1-deficient prostate epithelium indicates that a reciprocal regulation between two proteins is actively present in these mutant prostates. This observation also suggests that Foxa1 could be a negative regulator that modulates the expression of Foxa2 or Shh in normal situation. A novelty of Foxa1-deficent prostate phenotype is that the null epithelial cells have many features of the basally located epithelial cells that occur in embryonic UGS. These basal cells of the UGS are postulated to act as the transit/amplifying population in the prostate, and are widely believed to be capable of acting as luminal cell precursors (Abate-Shen and Shen, 2000) . However, fully differentiated basal cells cannot be essential precursors to luminal cells as the p63-null prostates develop despite a lack of basal cells but they are required for ductal integrity (Kurita et al., 2004) . In our study, no mature luminal epithelial cells were observed as defined by ultrastructural features or the expression of differentiation markers, suggesting that Foxa1 is essential for epithelial cell maturation. In addition, the prostate-specific transcription factor Nkx3.1 is also reduced in the Foxa1-deficient epithelium. Given the presence of forkhead binding sites in mouse and human Nkx3.1 gene enhancers (N.G., unpublished), one would speculate a potential regulatory mechanism may exist.
The relationship between various genetic changes and defects in prostatic development has been explored by a number of groups (summarized in Fig. 7) . The normal prostate grows as a result of androgenically driven mesenchymalepithelial cell interactions. In the normal prostate, this process results in the generation of solid epithelial cords that undergo ductal branching morphogenesis and cytodifferentiation giving rise to distinct basal and luminal cell populations. The luminal cells of the normal prostate express copious quantities of secretions .
In the absence of epithelial AR (but in the presence of mesenchymal AR), prostatic development and differentiation can occur (Fig. 7) . Tissue recombination experiments with ARnull epithelium results in prostatic tissue containing apparently normal basal and luminal cells. Glands have a well-defined lumen, but the luminal epithelial cells lack expression of prostatic secretory proteins (Cunha and Chung, 1981; Donjacour and Cunha, 1993) . This demonstrates that epithelial AR is not required for prostatic development and cytodifferentiation but is required for the initiation and maintenance of secretory activity, the principle differentiated function of the luminal epithelial cells.
In the Nkx3.1-null mouse, the prostate develops a relatively normal ductal structure, albeit with reduced ductal branching and ductal tip number. Epithelial differentiation is somewhat disrupted with the formation of multilayered hyperplasia, notably in the anterior prostate, and in papillary tufts (BhatiaGaur et al., 1999) . Epithelial cytodifferentiation, as reflected by secretory activity, is reduced (Fig. 7) .
The Foxa1-deficient prostate is severely impeded in terms of ductal branching morphogenesis, even when compared with the Nkx3.1-null prostate. Ductal canalization and epithelial cytodifferentiation are profoundly inhibited. Differentiated secretory protein expression (e.g. Pbsn and Sbp) is absent even though there is a normal level of AR expression in the Foxa1-null epithelium. Previous work (Donjacour and Cunha, 1993) and our study have provided clear evidence that both AR and Foxa1 regulate prostate development, but Foxa1 plays an early role in promoting glandular morphogenesis and cytodifferentiation.
The most severe prostatic phenotype (a total failure to develop) can be elicited by loss of either stromal or total AR (for example in Tfm mice or in AIS humans) . This demonstrates that stromal and epithelial AR functions are separate and distinct. Notably, Foxa1 probably functions at two levels acting both to control glandular morphogenesis and cytodifferentiation (present study) and secretory function .
Taken together, our study demonstrates that Foxa1 plays a pivotal role in prostate ductal morphogenesis and implies that this protein may crucially involve in modulating the balance of inductive and negative regulators to control prostate cell growth, differentiation and patterning.
